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ABSTRACT 

RNA degradation is among the most fundamental 
processes that occur in living cells. The continuous 
decay of RNA molecules is associated not only with 
nucleotide turnover, but also with transcript matur- 
ation and quality control. The efficiency of RNA 
decay is ensured by a broad spectrum of both 
specific and non-specific ribonucleases. Some of 
these ribonucleases participate mainly in process- 
ing primary transcripts and in RNA quality control. 
Others preferentially digest mature, functional RNAs 
to yield a variety of molecules that together consti- 
tute the RNA degradome. Recently, it has become 
increasingly clear that the composition of the 
cellular RNA degradome can be modulated by 
numerous endogenous and exogenous factors 
(e.g. by stress). In addition, instead of being 
hydrolyzed to single nucleotides, some intermedi- 
ates of RNA degradation can accumulate and 
function as signalling molecules or participate in 
mechanisms that control gene expression. Thus, 
RNA degradation appears to be not only a process 
that contributes to the maintenance of cellular 
homeostasis but also an underestimated source of 
regulatory molecules. 

INTRODUCTION 

In higher eukaryotes, the majority of genomic DNA is 
transcribed, but only a small portion of the resultant 
RNA encodes proteins (1,2). The non-protein-coding 
fraction of the transcriptome can be divided into two 
general classes: housekeeping RNA and regulatory RNA 
(3,4). The former comprises constitutively expressed 
RNAs (of which rRNA and tRNA are the most 
abundant species) that are indispensable for fundamental 



cellular processes. The latter class includes a diverse 
spectrum of RNAs that are present temporarily and 
control gene expression in response to a variety of 
stimuli. The non-protein-coding RNAs (npcRNAs) have 
justifiably been described as 'the architects of eukaryotic 
complexity' because their number increases with evolu- 
tionary advancement (5). RNA-based mechanisms that 
regulate gene expression appeared in bacteria and 
Archaea (6,7), but far more complex regulatory strategies, 
involving npcRNA, were developed in eukaryotes. 
Regulatory RNAs (often called riboregulators) can affect 
almost all stages of eukaryotic gene expression. These 
RNAs can shape genome structure, influence mRNA sta- 
bility and repress translation (5,8,9). Thus, there is an 
increasing amount of evidence that riboregulators partici- 
pate in a broad spectrum of biological processes. 

Transcription and the processing of the resultant tran- 
scripts have been recognized as the two main stages of the 
biogenesis of most long (>40-nt) and short npcRNAs. 
After transcription, long-npcRNA precursors most fre- 
quently undergo mRNA-like maturation that involves 
capping, polyadenylation and sometimes splicing (4). 
Primary transcripts representing short npcRNA precur- 
sors can also be capped and polyadenylated. In addition, 
to form functional RNA, the precursors need to be sub- 
jected to a series of cleavages by specific ribonucleases. 
Precursors of the regulatory RNAs generally lack other 
functionality (they are only substrates for regulatory 
RNA production). Exceptions to the rule are some pre- 
cursors of small interfering RNAs (siRNAs), for example, 
viral RNA that operate as genomic RNA. 

Accumulating evidence indicates that, in addition to 
primary transcripts, mature functional RNA can also be 
a source of short npcRNAs. In 2005, a specific tRNA 
cleavage in Tetrahymena thermophila was discovered as 
a response to amino acid deprivation (10). In this case, 
degradation targeted mature deacylated tRNA and 
resulted in an accumulation of so-called tRNA halves. 
The observed mechanism was proposed to be an 
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adaptation to starvation (10). Accordingly, tRNA halves 
appeared to be markers of an early starvation response. 
Several reports have demonstrated that an endonucleo- 
lytic cleavage of tRNA is a widespread phenomenon in 
eukaryotes as phylogenetically distant as fungi, plants 
and mammals (11-14). A new perspective in research on 
tRNA-related npcRNAs has been opened by a recent 
finding that molecules excised from pre-tRNA are capable 
of modulating RNA-silencing pathways (14). What is 
more, similar molecules derived from other RNA species 
[tRNA, rRNA, small nucleolar RNA (snoRNA)] were 
also identified (11,15-18). Some of these molecules were 
shown to influence gene expression in a miRNA-like 
fashion (17). These findings demonstrated that mature, 
functional RNAs can be a source of riboregulators more 
often than one would expect. The data collected suggest 
that these new regulatory molecules are stable intermedi- 
ates of RNA degradation, one of the fundamental 
processes that continuously occur in cells. Accordingly, 
one can hypothesize that in addition to being the key 
element of nucleotide turnover, RNA maturation and 
quality control, RNA degradation also plays an important 
role in the biogenesis of functional npcRNAs. 

This article presents recent progress in RNA degradome 
research. First, we briefly describe basic RNA degradation 
pathways. Then we attempt to systematize what is current- 
ly known about stable intermediates of RNA degradation, 
focusing on their origin, their classification and their 
proven or putative functions. 

RNA DEGRADATION PATHWAYS 

RNA decay is one of the key processes that shape cellular 
transcriptomes. For a long time, RNA degradation was 
considered to be a series of random events. Recently, it 
has become increasingly clear that it is a well-ordered, 
strictly controlled and reproducible process, inseparably 
connected with all three of the main stages of RNA me- 
tabolism: (i) maturation of primary transcripts; (ii) quality 
control; and (iii) RNA turnover. Because RNA degrad- 
ation pathways have been comprehensively described in 
earlier reviews (19-24), here we delineate only issues 
most relevant to the current survey. 

RNA maturation 

Primary transcripts are rarely functionally ready to fulfill 
their biological roles without any additional modifica- 
tions. Almost all eukaryotic, and many prokaryotic, 
RNAs must undergo numerous transformations, includ- 
ing cleavage, to achieve their mature form. Three eukary- 
otic rRNAs and all prokaryotic rRNAs are excised from 
single primary transcripts in a sequence of cleavages and 
trimmings that results in a progressive release of function- 
al molecules and in the degradation of discarded frag- 
ments. In Escherichia coli, these cleavages are performed 
by RNases III, E, G and T (20), whereas in Bacillus subtilis 
this occurs through RNase Jl, RNase M5 (25) and mini 
RNase III (26). In eukaryotes, pre-rRNA maturation 
is much more complex and involves numerous small 
RNAs and proteins, among them several endonucleases 



(RNase III and MRP) and exonucleases (Rrp44, Rati, 
Xrnl, Rexl and Rex2) (27). 

The processing of pre-tRNA also requires nucleolytic 
cleavages. The mature 5' terminus of prokaryotic and eu- 
karyotic tRNA is generated by RNase P. In eukaryotes, 
the 3' terminus is targeted by tRNase Z, which removes 
a 3' trailer prior to CCA sequence synthesis (28). 
In bacteria, tRNA 3'-ends containing a genome-encoded 
CCA sequence are processed differently from those in 
which a CCA sequence is added post-transcriptionally 
(20,22). In addition to terminus formation, some tRNA 
precursors are spliced (28,29). 

Precursors of eukaryotic mRNA are also extensively 
cleaved before they are transformed into the mature mol- 
ecules. The splicing machinery removes introns, which 
are subsequently degraded or processed to snoRNAs or 
miRNAs. Additionally, the 3' terminus of pre-mRNA is 
cleaved prior to polyadenylation (19). Furthermore, it has 
been shown that many human pre-mRNAs contain 
several potential 3'-end cleavage sites, providing alterna- 
tives that are used during different processes, such as in 
development. It has been suggested that there is some cor- 
relation between the patterns of 3'-end cleavage and alter- 
native splicing (30). Most bacterial mRNAs do not require 
processing. Nevertheless, some polycistronic mRNA pre- 
cursors are subjected to splicing or site-specific digestion 
(23). 

Nucleases also participate in the biogenesis of non- 
coding regulatory RNAs. Among short non-coding 
regulatory RNAs, the most intensively studied are 
miRNAs and siRNAs. The former are generally 
produced in a multi-step process catalyzed by Drosha 
and Dicer. The latter are generated by Dicer alone (31). 
Long non-coding regulatory RNAs are usually subjected 
to pre-mRNA-like processing. However, they can also 
undergo an alternative maturation in which RNase 
P cleaves the transcript downstream of a genomically 
encoded poly(A) tract. This cleavage simultaneously gen- 
erates the 3'-end of the mature long npcRNA and the 
5'-end of a small tRNA-like molecule (32). As a result, 
two or more non-coding RNAs of different function and 
subcellular localization can be produced from a single 
locus. 

RNA quality control 

RNA degradation also plays a pivotal role in controlling 
the quality of RNA molecules. Defective RNA molecules, 
which are often mature but dysfunctional (for example, 
truncated, incorrectly synthesized or modified molecules), 
need to be rapidly degraded. Otherwise they can interfere 
with many cellular processes, especially gene expression. 
Our knowledge of the mechanisms controlling RNA 
quality in prokaryotes is very limited. Recently, it has 
been shown that two ribonucleases, RNase R and poly- 
nucleotide phosphorylase (PNPase), participate in this 
process (20). In eukaryotes, the main component of the 
RNA quality control system is the exosome accompanied 
by its activating complexes, for example, TRAMP and 
Ski. However, other exonucleases can also take part in 
the degradation of aberrant RNAs (24). In addition, 
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there are highly specialized pathways that eliminate only 
defined classes of defective RNAs, for example, the non- 
functional rRNA decay (NRD) (33), rapid tRNA decay 
(28), nonsense-mediated decay (NMD) (34), no-stop decay 
(NSD) (35) and no-go decay (NGD) (36) pathways. The 
last three pathways remove mRNA molecules that have 
premature stop codons, lack stop codons or form struc- 
tural barriers for ribosomes, respectively. 

RNA turnover 

There are several lines of evidence that particular classes 
of RNA do not contribute equally to nucleoide turnover. 
Depending on their function, RNAs are stably maintained 
in the cell (e.g. rRNA and tRNA) or exist for only a short 
time (e.g. mRNA or small regulatory RNAs). At present, 
mRNA turnover seems to be best characterized. 
Numerous cis- and trans-acting factors affecting mRNA 
stability have been identified, for example, 3'- and 5'-end 
modifications, which make RNA less susceptible to 
degradation. Eukaryotic mRNA is capped and poly- 
adenylated, whereas prokaryotic mRNA often contains 
a triphosphate group at the 5'-end and a stem-loop struc- 
ture at the 3'-end (37). In bacteria, the first endo- 
nucleolytic cleavage of mRNA is usually mediated by 
RNase E. This enzyme has been identified as an important 
component of the degradosome (38,39). Nonetheless, 
there are numerous other endo- and exonucleases that 
participate in prokaryotic mRNA decay (20,38^10). In 
eukaryotes, a cap structure and a poly(A) tail are 
usually removed prior to degradation. Afterwards, 
mRNA is sequentially digested by the 3'— 5' exonucleases 
of the exosome complex (41^13) and by Xrnl, the main 
eukaryotic 5—3' exoribonuclease (44). 

Under physiological conditions, the degradation rate of 
housekeeping npcRNAs (especially rRNA and tRNA) is 
relatively low. However, stress conditions can trigger their 
decay both in prokaryotes and eukaryotes (11,21,45). 
Interestingly, the degradation of these RNAs does not 
necessarily lead to their rapid decomposition into mono- 
nucleotides. Instead, stable intermediates of RNA degrad- 
ation can accumulate in cells (11,13,15,18,46,47). In 
bacteria, cleavage of housekeeping npcRNAs is most 
likely performed by the degradosome or its components 
(20). In addition, upon cell membrane damage, 
periplasmic RNase I can contribute to stable RNA deg- 
radation. The corresponding mechanisms and enzymes 
involved in the degradation of eukaryotic housekeeping 
npcRNAs are less defined. An example of an enzyme 
that has been found to degrade rRNA during apoptosis 
in higher eukaryotes is RNase L (48). 

STABLE INTERMEDIATES OF RNA DEGRADATION 

Despite the high efficiency of the RNA degradation ma- 
chinery, sometimes RNA molecules are not instantly 
digested into single nucleotides. Instead, relatively stable 
degradation intermediates are generated. Why these frag- 
ments do not immediately undergo further digestion 
remains to be elucidated. Hypothetically, the products 
released by initial cleavages become transiently resistant 



to nucleases. This temporal stability of degradation inter- 
mediates may suggest that they are functional. 

During the past few years, many studies have focused 
on such partially degraded RNA molecules. Accordingly, 
a large number of degradation products derived from 
several classes of RNA have been identified. Fragments 
of mRNA have been surveyed to identify targets for 
miRNAs and siRNAs. To this end, molecules that lack 
the cap structure but are polyadenylated, and that origin- 
ate from the small RNA-directed cleavage of mRNA, 
were selectively captured and further analyzed. The collec- 
tion of these mRNA-derived fragments was referred to 
as the RNA degradome (49-56). Products of miRNA- 
directed RNA cleavage were found in many organisms, 
including plants and mammals (56,57). Global analysis 
of the mammalian RNA degradome revealed that frag- 
ments generated by miRNA-independent endonucleolytic 
cleavage are also widespread in cells (56,58-60). It has 
been postulated that some of these molecules are the 
products of post-splicing RNA cleavage and subsequent 
secondary capping. According to this mechanism, 
3'-UTR-associated RNAs (uaRNAs) are most likely 
formed. They have been shown to undergo developmental 
and tissue/cell-specific regulation (58,61). 

Nevertheless, it has been shown that in addition 
to mRNA fragments, derivatives of other RNA species 
also accumulate in cells. Several recent studies have 
demonstrated the existence of a very interesting pool of 
small RNAs that correspond primarily to fragments of 
tRNA (10-15,18,46,47,62-66), rRNA (11,13,15,18,46,47), 
as well as snRNA and snoRNA (11,13,15,18,46). These 
products of incomplete RNA degradation are present in 
a wide range of organisms, including: (i) the bacterium 
Streptomyces coelicolor (47); (ii) the fungi Aspergillus 
fumigatus (13) and Saccharomyces cerevisiae (11); 
(iii) the protozoans Tetrahymena thermophila (10), 
Trypanosoma cruzi (66) and Giardia lamblia (46); (iv) the 
fruit fly Drosophila (67); and (v) the plants Arabidopsis 
thaliana (11,63) and Cucurbita maxima (15), as well as 
mammalian cell lines (11,12,14,18,62,64,68,69). These 
observations provide a surprising link to findings made 
three decades earlier, showing that tRNA breakdown 
products accumulate in the urine of patients with different 
cancers (70,71). 

Although the exploration of the products of incomplete 
RNA degradation has only just begun, some characteristic 
features of stable intermediates have already been 
depicted. Molecules derived from tRNA are among the 
most frequently analyzed and are relatively well described. 
The intermediates of tRNA degradation are usually 3'- or 
5'-halves generated by a cleavage at the anticodon loop. 
In A. fumigatus, the majority of 5'-halves contain the anti- 
codon sequence at their 3'-ends. Accordingly, most of the 
3'-halves start right after the anticodon (13). In HepG2, a 
liver carcinoma cell line, the tRNA cleavage occurs at the 
anticodon loop or within the T loop region (18). However, 
in G. lamblia, tRNAs are cut at the anticodon left arm 
(46); in pumpkin, they are cut at the D loop (15). In the 
case of the latter, the fragments generated are >60-nt long. 
Ultra-high-throughput sequencing of small RNA frac- 
tions from human cell lines (12,62) and Arabidopsis 
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phosphate-starved roots (63) has revealed that tRNA 
fragments shorter than halves (~17-26-nt) can also accu- 
mulate. These fragments come from both ends of mature 
tRNA molecules. An additional class of the tRNA-related 
fragments identified includes 3' trailers removed from 
pre-tRNAs during their maturation (12,14). Intriguingly, 
the short tRNA derivatives (~17-26-nt-long), together 
with molecules derived from the processing of 3'-end 
of tRNA precursors, constitute the second most 
abundant class of small RNAs, the most abundant being 
miRNAs (12). 

None of the tRNA fragments identified so far contained 
5' leader, intron or 3' trailer sequences of pre-tRNA. 
This implies that tRNA halves are generated from 
fully mature molecules rather than from their precursors 
(10^12,46,47,62,66,69). In Tetrahymena, the majority of 
3' tRNA fragments lack the terminal CCA sequence 
(10), indicating that the cleavage most likely involves 
deacylated and thus unprotected tRNA molecules. 
In contrast, in other organisms, most of the cloned 3' 
tRNA fragments contain the CCA sequence (11,12,15, 
46,47,69). This observation supports the opinion that 
they are cleaved from fully mature molecules. The phe- 
nomenon of tRNA cleavage affects all tRNA isoacceptors 
(10,46,47), although in bacteria, most degradation inter- 
mediates are derived from tRNAs carrying the most fre- 
quently used anti-codons (47). Moreover, no correlation 
has been found between the gene copy number of a given 
tRNA and the abundance of its cleavage products (10). 

Fragments of rRN A have also been identified, but their 
characteristics are still obscure. In Aspergillus, rRNA frag- 
ments are derived from the cytoplasmic and mitochondrial 
pools of all rRNA molecules (13). In yeast, most rRNA 
degradation intermediates represent the 3'-end of 25 S 
rRNA, and they only rarely are derived from 5 S and 
18 S rRNAs (11). The length of rRNA fragments ranges 
from 17 to 53 nt (11). As suggested by Elbarbary et al., 
rRNA fragments found in various human cell lines can be 
closely related to Piwi interacting RNAs (piRNAs) (72). 
Although rRNA derivatives usually constitute a signifi- 
cant fraction of all RNA degradation intermediates, 
their contribution to the RNA degradome is significantly 
smaller than the contribution of rRNA to total cellular 
RNA (>80%). This strongly suggests that rRNA frag- 
ments are not derived from random rRNA cleavage or 
non-specific digestion. 

Fragments of snRNAs and snoRNAs form a small 
and relatively poorly characterized group of stable degrad- 
ation intermediates. It has been shown that snRNA- 
derived molecules detected in human cell lines originate 
from the 3' portions of Ul, U4 and U5, and most 
of them are 24-31-nt long (18). Most (90%) of the 
snoRNA degradation products identified came from a 
34-nt-long fragment located in the 3'-end of a single 
C/D box type molecule (18). Recent reports revealed 
that in animals (mouse, chicken and fruit fly) and 
humans, snoRNA-derived fragments originate from the 
3'-end of H/ACA snoRNA (mainly 20-24-nt-long mol- 
ecules) and from the 5'-end of C/D snoRNA (17-19 and 
over 27-nt-long molecules) (16). A more detailed analysis 
showed that the locations of cleavage sites and, 



consequently, the lengths of the degradation products 
are evolutionarily conserved for the majority of 
snoRNAs from Arabidopsis, fission yeast and animals 
(16). It has also been found that many highly abundant 
fragments are derived from snoRNAs, the genes of which 
are weakly expressed (16). This finding suggests that the 
stable intermediates of snoRNA degradation, similar to 
the rRNA fragments described above, cannot be con- 
sidered products of random RNA cleavage. 

RNA DEGRADOME— DEFINITIONS AND 
CLASSIFICATIONS 

The two recent decades brought unparalleled progress in 
our understanding of complex gene expression networks, 
revealing the previously hidden role of RNA in these 
pathways. It has been noted that the existing definitions 
are barely sufficient to describe the whole repertoire of 
currently known RNA species. Therefore, novel RNA 
classes have been designated. The expanding spectrum of 
the terms can sometimes be puzzling because they often 
emerge rapidly and are not widely assimilated. Among 
such newly distinguished types are sno-derived RNA 
(16), tRFs (tRNA-derived RNA fragments) (12) and 
tsRNA (tRNA-derived small RNA) (14). It seems that 
the last two names were assigned to the same class of 
molecules. The latest findings in RNA field challenged 
previously established definitions, even relatively new 
ones such as the one of miRNA (73). In addition, the 
standard classification of RNA species (rRNA, tRNA 
and so on) has been found to be inconvenient, as it 
often does not reflect the whole range of functions that 
these molecules perform (18). 

In view of these latest reports, incomplete RNA degrad- 
ation that yields stable intermediates emerges as a 
common and, at least in some cases, an evolutionarily 
conserved phenomenon. Unfortunately, the current clas- 
sification of stable intermediates of RNA degradation 
seems inconsistent. On the one hand, several specific 
terms have been introduced to describe the products of 
tRNA or snoRNA degradation. On the other hand, a 
very broad term, 'RNA degradome', is frequently used 
to describe only the pool of mRNA fragments that are 
the products of RNA silencing pathways (49-55). We 
believe that it would be more reasonable to apply the 
term RNA degradome to the whole set of RNA 
degradation products that accumulates in a given cell or 
organism. Accordingly, narrower terms might be used 
with reference to specific classes of degradants, for 
example, mRNA degradome and tRNA degradome. In 
our opinion, such nomenclature would adequately reflect 
the complexity of this significant fraction of cellular RNA. 

Considering the data presented above, we suggest that 
the RNA degradome should be defined as the collection of 
all molecules that result from the incomplete degradation 
of mature, functional RNAs (Figure 1). Such a definition 
of the RNA degradome excludes products formed during 
RNA maturation and RNA quality control. 

The RNA degradome could potentially also be defined 
as the set of all molecules that are generated in any process 
involving RNA cleavage. However, in this case, all RNA 
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molecules, except primary transcripts, would be classified 
as degradants, as RNA maturation usually consists of 
sequential RNA cleavages. Alternatively, the definition 
of the RNA degradome could include the so-called 
by-products of RNA maturation, which are excised from 
primary transcripts. However, as our knowledge of the 
complex RNA landscape increases, it is becoming more 
and more difficult to indicate explicitly which molecules 
are indeed the by-products. At present, it is clear that a 
single primary transcript can give rise to different mature 
molecules representing various classes of RNA. For 
instance, introns that had previously been considered 
by-products of mRNA maturation have been found to 
be precursors of snoRNA and miRNA (74,75). 
Similarly, a 3' trailer excised from pre-tRNA by RNase 
Z was observed to act as a regulator capable of modulat- 
ing RNA-silencing pathways (14). These examples illus- 
trate that primary transcripts are multi-functional 
molecules that can yield a wide variety of products. Our 
proposed definition of the RNA degradome also excludes 



cleavage products generated during RNA quality control. 
RNA surveillance systems are mechanisms that eliminate 
defective RNA molecules (e.g. truncated molecules or im- 
properly synthesized or matured molecules). Aberrant 
molecules are typically very short-lived and do not con- 
tribute significantly to the pool of cellular RNAs (19). 

It appears that all stable degradation intermediates 
identified to date are derived from mature RNAs. One 
should, however, always keep in mind that unambiguous 
classification of a particular RNA molecule is only 
possible when its biogenesis has been fully characterized. 
As long as the biogenesis pathway remains unknown, 
degradants devoid of any precursor-derived sequences 
could be assumed to originate from mature RNAs. 

ENZYMES IMPLICATED IN THE PRODUCTION OF 
STABLE INTERMEDIATES OF RNA DEGRADATION 

Although molecular mechanisms underlying the origin 
of stable intermediates of tRNA, rRNA, snRNA and 
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snoRNA degradation are not fully understood, several 
enzymes are postulated to be involved in their biogenesis. 
Interestingly, these enzymes are different from those that 
take part in typical RNA turnover. 

Nucleases implicated in the fragmentation of tRNA 
have been the most thoroughly studied so far. The first 
reports describing specific cleavage at the anticodon loop 
came from research on E. coli PrrC endonuclease, which 
cleaves tRNA in response to bacteriophage infection (76). 
In addition to PrrC, there are other enzymes, called 
colicins, that specifically cleave tRNAs. Colicins are 
produced by certain E. coli strains and inhibit the 
growth of other bacteria. Some of these ribonucleases 
are very specific and could potentially participate in the 
release of stable intermediates of RNA degradation. 
Colicin D catalyzes the cleavage of four isoaccepting 
tRNAs for Arg. Site-specific hydrolysis occurs within anti- 
codon loops between the 38th and 39th nucleotides (77). 
Colicin E5 cleaves tRNAs for Tyr, His, Asn and Asp, 
which contain a modified base (queuine) at the wobble 
position of the anticodon. This ribonuclease hydrolyzes 
tRNA at the 3' side of the modified nucleotide (78). 
Other colicins can target rRNA molecules. Colicin E3 
cleaves 16 S rRNA between nucleotides 49 and 50, 
counting from the 3'-end, causing ribosome inactivation. 
However, it does not appear that colicins are responsible 
for the production of all stable RNA degradants, primar- 
ily because the phenomenon observed is not restricted to 
colicin-sensitive molecules. The tRNA and rRNA mol- 
ecules that are not substrates for colicins have also been 
identified as a source of stable intermediates of RNA deg- 
radation. Recently, some degradation hot-spots within 
human tRNA have been mapped. It was observed that 
tRNAs are cleaved preferentially between conserved U- 
U nucleotides located within the T loop (18). Moreover, in 
prostate cancer cell lines, fragments derived from the 5' 
portion of tRNA were found to be preferentially cleaved 
after A, whereas both ends of fragments released from the 
3' portion of tRNA were created by cleaving between 
A and U nucleotides (12). 

It has recently been shown that tRNA is cleaved in yeast 
by Rnylp, a member of the RNase T2 family (79). 
In humans, tRNA is cleaved by angiogenin (68). 
Endonuclease Rnyl is released from the vacuole into the 
cytosol during oxidative stress. Independently of its cata- 
lytic activity, the enzyme inhibits cell growth and 
promotes cell death. Mutant yeast strains lacking Rnyl 
protein (rnyl A) are unable to produce tRNA fragments 
during oxidative stress and other stress conditions, or 
during entry to stationary phase. The production of 
tRNA fragments in these mutant strains can be rescued 
by providing rnyl on an expression plasmid. In contrast, 
expression of the human ortholog of endonuclease Rnyl, 
RNASET2, in yeast rnyl A mutants causes the production 
of tRNA fragments to be only partially recovered. It has 
also been shown that the silencing of the RNASET2 gene 
in human cells does not have a significant influence on the 
accumulation of tRNA degradants. Although Rnyl can 
cleave a wide spectrum of RNAs, including rRNAs, it 
seems that other factors are involved in the production 
of rRNA degradants (79). 



Angiogenin, a ribonuclease required for tRNA cleavage 
in humans, is a small protein that binds to the surface 
receptors of endothelial cells and, after internalization, 
promotes blood vessel growth and cell division. This 
multi-functional protein is activated during oxidative 
stress, heat shock or ultraviolet irradiation, resulting in 
an accumulation of tRNA-derived small RNAs and trans- 
lation arrest. Angiogenin knockdown in mammalian cells 
impairs these processes, whereas knockdown of the 
angiogenin inhibitor, RNH1, leads to an increased pro- 
duction of tRNA fragments and enhances the inhibition 
of protein synthesis (68). 

A pool of highly abundant small RNA fragments 
derived from mature tRNA in HeLa cells seems to have 
a different origin from tRNA fragments released by 
angiogenin cleavage. It has been shown that RNAi ma- 
chinery can be involved in the biogenesis of these frag- 
ments. There is evidence that the processing of the 
human tRNA-Gln fragment in vivo depends on Dicer 
and that Dicer cleaves tRNA in vitro (62). In mouse em- 
bryonic stem cells, a small tRNA fragment is excised by 
Dicer from the tRNA that can fold into a pre-miRNA-like 
secondary structure (64). Other studies have shown that 
Dicer is also required for biogenesis of a small RNA class 
that originates from snoRNAs in human cells (17), fruit 
flies and mice (16). This evidence for Dicer participation in 
the biogenesis of tRNA and snoRNA fragments leads one 
to assume that these molecules can in fact take part in 
RNA silencing. 

Although several candidates contributing to tRNA and 
snoRNA cleavage have been identified, ribonucleases 
involved in the production of specific rRNA or snRNA 
fragments remain mostly unidentified. Therefore, the 
origin of stable intermediates of RNA degradation 
requires further elucidation. 



POTENTIAL FUNCTIONS OF RNA DEGRADANTS 

Although stable intermediates of RNA degradation 
commonly occur in a number of organisms, their biologic- 
al role remains unclear. There are several lines of evidence 
that they may be regulators of gene expression (12,14, 
15,68,72,80) or signaling molecules (15). So far, some 
putative molecular mechanisms underlying RNA 
degradants' activities have been postulated for tRNA 
derivatives. 

It has been shown that endogenous 5'-halves of tRNAs, 
as well as some rRNA fragments, can serve as guide 
molecules for tRNase Z (72). Human cytosolic tRNase 
Z participates in the maturation of the 3'-end of tRNAs, 
but it can also function as a ribonucleoprotein complex 
composed of an endonuclease and a small guide RNA 
(sgRNA). The role of sgRNA is to interact with the com- 
plementary sequence of the target RNA. Owing to these 
interactions, a pre-tRNA-like or a hook-like structure is 
formed. This motif is then recognized by a nuclease that 
cleaves the target RNA in a site-specific manner. Recently, 
it has been shown that some RNA degradants can act 
as sgRNAs. For example, there are 432 predicted 
human mRNAs whose expression could potentially be 
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regulated by the complex of tRNase Z with the 5'-half of 
tRNA-Glu. There is also experimental evidence that 
protein phosphatase 1 F and cytoplasmic dynein heavy 
chain mRNAs are targets of tRNase Z guided by the 
5'-half of tRNA-Glu or by the 28 S rRNA fragment, 
respectively (72). 

The potential connections between stable RNA 
degradants and cellular silencing networks have been in- 
tensively investigated. However, the results obtained are 
contradictory. Whereas some reports have indicated that 
tRNA fragments do not efficiently associate with human 
Argonaute (Ago) proteins (62), others have showed that 
tRNA fragments are present in a pool of small RNAs 
purified from complexes with Piwi and Ago proteins 
(67,81). Therefore, it cannot be excluded that RNA 
degradants can act in a manner similar to the canonical 
miRNAs and piRNAs. In addition, a recent study 
demonstrated that Dicer-dependent tRNA fragments as- 
sociate with human Ago proteins and that this class of 
tRNA-derived small RNAs can participate in gene 
silencing in trans (14). 

The snoRNA-derived molecules also display extensive 
similarity to small regulatory RNAs, especially to 
miRNAs (16,17). It has been shown that the level of 
snoRNA-derived degradants correlates with the amount 
of RNAi pathway components present in the cell. What is 
more, these molecules associate with Ago proteins in 
Arabidopsis, fission yeast (16) and humans (17) and are 
capable of guiding the silencing of target gene expression, 
as demonstrated by a luciferase assay (17). 

A recent report shows that tRNA halves, as well as the 
fragments of rRNA and snRNA, can diffuse into a 
vascular extract of pumpkins and can spread in plants 
(15). Long-distance transport of degradation products 
may indicate that these molecules take part in signaling 
mechanisms, delivering information about the metabolic 
state of the source tissue to distant organs. In addition, 
RNA extracted from phloem can inhibit translation 
in vitro by a currently unidentified mechanism. Interes- 
tingly, this inhibition is abolished when the RNA sample 
is denatured, which implies that the secondary and tertiary 
structures of these molecules determine their biological 
function (15). 

It has been shown that tRNA 5'-halves are also involved 
in the stress response in mammalian cells, where they par- 
ticipate in the formation of stress granules (65). Stress 
granules are RNA-protein complexes containing untrans- 
lated mRNA, translation initiation components, and 
other proteins affecting mRNA function. Stress granules 
have been proposed to affect mRNA translation and sta- 
bility and have been linked to apoptosis and nuclear 
processes (82). A similar mechanism was discovered in 
Trypanosoma cruzi, in which tRNA-derived molecules 
are recruited to cytoplasmic granules. Interestingly, 
northern blot analysis has revealed that fragments 
derived from 5' and 3' halves of tRNA do not 
co-localize and are associated with different cytoplasmic 
granules (66). 

As mentioned before, the functions of RNA degradants 
can depend on their secondary and tertiary structure (15). 
It has also been shown that 5' but not 3 tRNA halves 



affect protein synthesis (68). It has been suggested that 
the smaller 5' halves (~30nt) bind protein cofactors 
more efficiently than the bigger 3' halves (~40nt). 
It seems that the presence of phosphate groups on the 5' 
and 3' termini of these tRNA fragments can also deter- 
mine their potential function. The 5'-halves released by 
angiogenin, like many other small regulatory RNAs, are 
likely to be 5' monophosphorylated and their 3' terminus 
contains 2', 3' cyclic phosphate. In contrast, both termini 
of the 3' halves most likely lack phosphate groups (68). 

Our knowledge of the biological function of mRNA 
derivatives is very limited. Nevertheless, it has been 
postulated that uaRNA molecules can fulfill different 
roles than mRNAs, with which they are normally 
associated (61). This assumption is supported by the ob- 
servation of discordant expression of uaRNA and its cor- 
responding coding sequence (CDS) in mouse embryos. 
It was shown that uaRNA can be absent from cells in 
which its CDS is present, and vice versa. Both molecules 
can also differ in their subcellular localization. Earlier 
reports have shown that 3'-UTR sequences of many 
genes can control cell proliferation and differentiation 
in trans in the absence of an assigned coding region. For 
example, the expression of the 3'-UTR of oskar gene 
in Drosophila melanogaster is sufficient to rescue an oo- 
genesis defect in oskar-null mutants (83). The observation 
that the oskar 3'-UTR exists as an independent entity 
in vivo strongly supports the idea that uaRNAs can 
operate as frans-acting non-coding regulators. However, 
alternative functions of uaRNAs have also been under 
consideration. It has been suggested that they may be 
involved in sequestration of important factors like 
miRNAs or might serve as scaffolds for regulatory 
complexes (61). 



PERSPECTIVES 

The complex landscape of cellular RNAs has recently 
been enriched with novel classes of molecules being the 
products of mature RNA degradation. Some of these mol- 
ecules have been shown to control gene expression or act 
as signalling molecules. Consequently, RNA decay has 
emerged as a process yielding regulatory molecules. 
Despite differences between RNA degradation in prokary- 
otes and eukaryotes, these mechanisms have common 
features, implying their ancient origin and evolutionary 
conservation (24). In this context, an intriguing question 
arises: whether the extant small regulatory RNAs (e.g. 
miRNAs and endogenous siRNAs) could have evolved 
from stable degradation intermediates. It seems likely 
that primordial cells contained a large number of 
nonspecific RNA degradants competing for binding with 
other biomolecules. Some of these could have achieved a 
higher level of specialization, a higher selectivity and 
a higher efficacy by forming ribonucleoprotein complexes. 

A number of issues regarding the composition and func- 
tions of the RNA degradome remain to be addressed. 
One issue is whether the involvement of degradants in 
regulatory processes is a widespread phenomenon. It will 
also be important to decipher the molecular mechanisms 



7368 Nucleic Acids Research, 2011, Vol. 39, No. 17 



of the action of degradants. The current experimental 
findings promote the hypothesis that the functions of 
these degradants go beyond merely guiding molecules 
for the RNA silencing machinery. 

Another unanswered question concerns the biogenesis 
of RNA degradants. The available data suggest that stable 
intermediates of mature RNA degradation are generated 
by enzymes other than those involved in a regular 
turnover pathway. Nevertheless, the repertoire of nucle- 
ases engaged in each of these processes has hardly been 
explored. Therefore, it remains to be established whether 
these two pathways overlap or whether they developed as 
independent systems. In addition, the mechanisms 
regulating the production of RNA degradants need eluci- 
dation. Clearly, these mechanisms must be finely tuned to 
provide a balance between mature functional RNAs and 
the stable products of their degradation. 

At present, there are no reports comparing the compos- 
ition of cellular RNA degradomes under various condi- 
tions. Considering the earlier analyses of the cellular 
transcriptome or its fractions, one can hypothesize that 
the profile of the RNA degradome can fluctuate in 
response to environmental or internal stimuli. This 
implies that the profiling of the RNA degradome will 
give new insight into cellular processes and will presum- 
ably allow new biomarkers to be identified. 
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